INTRODUCTION
The adult brain can generate new neurons from endogenous neural stem and progenitor cells, which persist in the ventricular subependyma. [1] [2] [3] In rodents, neurons generated within the subependyma migrate to the olfactory bulb (OB) along the rostral migratory stream, differentiating as olfactory interneurons. [3] [4] [5] Although similar olfactory neuronal recruitment has been reported in monkeys, 6 its persistence in humans remains controversial. 7, 8 Nonetheless, progenitors able to give rise to new neurons are widespread in the adult human subependyma. [9] [10] [11] The normal adult brain does not exhibit significant neuronal recruitment from subependymal progenitor cells to either the neostriatum or neocortex. Yet neurons can be recruited to non-neurogenic areas by a variety of pathogenic stimuli, including seizures, ischemia and neurodegeneration. [12] [13] [14] [15] [16] Neostriatal neuronal addition can also be induced by systemic fibroblast growth factor 2, 17 or by intraventricular delivery of brain-derived neurotrophic factor (BDNF), by either protein infusion or viral overexpression. 5, [18] [19] [20] This BDNF-associated striatal neuronal addition can be enhanced by the addition of noggin 21 to suppress pro-gliogenic signaling by the bone morphogenetic proteins. 22, 23 Importantly, BDNF and noggin-induced striatal neurons differentiate into medium spiny neurons (MSNs), which extend fibers to the globus pallidus, their normal target. 21 As the new neurons integrate as MSNs, a major phenotype lost in Huntington's disease (HD), 24 we asked whether they might provide benefit in the R6/2 mouse, a transgenic model of HD. 25 We found that BDNF/noggin-induced neuronal addition indeed slowed disease progression and significantly improved survival in R6/2 mice. 26 Importantly, therapeutic benefit depended upon striatal neuronal recruitment, in that cytosine arabinoside-induced blockade of striatal neurogenesis abolished the survival benefit of AdBDNF/AdNoggin treatment. 26 Despite the promise of this regenerative approach to treating HD, it is limited by the transient nature of adenoviral gene expression. To maintain striatal neuronal addition over longer periods of time, we thus needed to provide a means of sustaining BDNF and noggin expression. To this end, we established an adeno-associated virus (AAV)-based strategy to sustain the high-level expression of both BDNF and noggin in rat ventricular cerebrospinal fluid (CSF). AAVs are small single-stranded DNA viruses with linear genomes, that have a broad host and cell type infectivity range, transduce dividing as well as non-dividing cells and are relatively nontoxic. 27, 28 rAAVs can genomically integrate, but more generally appear to persist in host cells as stable extra-chromosomal episomes. 29 As such, they allow sustained transgene expression after intracerebral injection, providing stable gene expression for up to 2 years in rodents 30 and over 6 years in primates. 31 Importantly, different AAV serotypes exhibit different tropisms in the central nervous system. 32, 33 One serotype in particular, AAV4, can selectively transduce ependymal cells of the ventricular wall, allowing access to the subependymal precursor cell pool. 34, 35 On this basis, we used intraventricular injection of the ependymotrophic serotype AAV4 in this study, to stably and selectively transduce the adult rat ventricular wall to tonically overexpress BDNF and noggin. We found that this approach was effective and, remarkably, was accompanied by the continuous addition of new neurons to the adult neostriatum, which proved undiminished throughout at least 4 months of sustained BDNF and noggin overexpression.
RESULTS

AAV4-directed sustained transgene expression in the adult rat ventricular wall
To assess the level of transgene expression that might be afforded by AAV4-delivered BDNF and noggin, as well as to confirm the ependymal selectivity of this vector, we constructed recombinant AAV4 recombinant vectors for BDNF, noggin, and an enhanced green fluorescent protein (EGFP) control, all established in AAV2 backbones. The vectors were then injected into the lateral ventricles of 3-month-old rats, at 3 ml per ventricle. The treated animals were killed either 2 (short term) or 4 months (long term) after viral injection, with CSF withdrawal for enzyme-linked immunosorbent assay estimation of BDNF and noggin concentrations. Both green fluorescent protein fluorescence and immunolabeling revealed transgene expression that was limited to the ventricular wall, and still readily apparent at both 2 and 4 months after AAV4:EGFP injection (Supplementary Figure 1 ). Enzyme-linked immunosorbent assay revealed that in the treated rats both BDNF and noggin achieved the concentration 42 ng ml À1 (Figure 1 and Supplementary Tables 1a and 2a) ; these levels were significantly higher in treated animals relative to both their AAV4:EGFP and saline controls. Two-way analysis of variance (ANOVA) followed by F test was used to assess the overall effects of both viral treatment and timepoint. This revealed a significant treatment effect on the concentrations, in ng ml À1 CSF, of both BDNF (F(3,17)¼83.24, Po0.0001) and noggin (F(3,24)¼200.17, Po0.0001; Supplementary Tables 1b and 2b) . Importantly, the levels of both BDNF and noggin were maintained without significant fall between 2 and 4 months; two-way ANOVA revealed no effect of timepoint on the AAV4-mediated BDNF and noggin delivery was both dose-dependent and non-inflammatory We noted a dose-response relationship of viral dose to CSF concentrations achieved. The CSF of animals injected with an AAV4:BDNF and AAV4:noggin mixture comprising 1.5 ml of each virus per ventricle had 1.00±0.12 ng ml À1 BDNF and 4.76±0.51 ng ml À1 noggin at 2 months, and 1.07 ± 0.15 ng ml À1 BDNF and 4.97 ± 1.21 ng ml À1 noggin at 4 months. In contrast, animals injected with twice the dose (3 ml per ventricle) of a single virus manifested twice the amount of BDNF or noggin (2.42±0.51 ng ml À1 BDNF and 11.30±0.92 ng ml À1 noggin at 2 months; 2.01 ± 0.23 ng ml À1 BDNF and 10.03 ± 0.41 ng ml À1 noggin at 4 months). Bonferroni post hoc analysis confirmed these dose-dependent differences to be significant ( Figure 1) .
Besides investigating the dose-response relationship of AAV4 viral dose to transgene expression, we also verified the non-inflammatory nature of the AAV4 vector system. To this end, sections from rats killed at both 2 and 4 months after AAV4:BDNF/noggin injection were immunostained for markers of inflammation that included CD4 (T helper cells), CD8b (cytotoxic T cells), CD68 (activated microglia and macrophages), CD3 (mature T lymphocytes) and CD20 (B lymphocytes). We found no evidence of any accumulation of these immune cells in either the ependymal/subependymal zone or adjacent periventricular parenchyma, indicating the lack of any detectable cellular immune response to either the virus or its expressed transgenes (Supplementary Figure 2) . Long-term maintenance of induced striatal neurogenesis A Benraiss et al AAV4:BDNF/noggin treatment potentiated neuronal recruitment to the OB To investigate whether AAV4-driven BDNF and noggin might not only enhance, but also sustain OB neurogenesis, adult rats were injected with AAV4:BDNF/noggin (AAV4:B/N), AAV4:BDNF, AAV4:noggin, AAV4:EGFP or saline. Two matched cohorts were assessed, which were injected with AAV4 at the same time, then killed either 2 or 4 months thereafter, following a 1-month preterminal series of daily 5-bromo-2¢-deoxyuridine (BrdU) injections. Group 1 (short timepoint) received 30 daily injections of BrdU that began 1 month after AAV injection, while group 2 (late timepoint) received 30 daily BrdU injections, beginning 3 months after AAV injection. After each group completed 1 month of BrdU injections, its rats were killed a day after the last BrdU injection, at either 2 months (8 weeks) for group 1, or 4 months (16 weeks) for group 2 ( Figure 2a ). Each treatmentÂtimepoint-defined group included 4 rats, making a total of 40 animals. Serial sagittal brain sections spanning the entire OB were then stained for BrdU (Figure 2b ). BrdU + cells were scored in the entire OB, once in every 16 sections. BDNF overexpression, either alone or together with noggin, significantly increased the number of BrdU + cells in the OB (Figures 2c and d) . At the 2 month timepoint, the OBs of group 1 rats treated with either AAV4:BDNF alone or AAV4:BDNF/ noggin together manifested significantly more BrdU + cells (12100.2 ± 1485.4 and 10 305 ± 1067, respectively), than did their AAV4:EGFP (5085 ± 1300) and saline (6108 ± 1378) controls (Po0.001 and Po0.01, respectively, by 2-way ANOVA with post hoc Bonferroni t-tests; Supplementary Table 3) . Similarly, in the group 2 rats killed 16 weeks after viral injection, substantially more BrdU + cells were noted in the OBs of the AAV4:BDNF (11142 ± 1451) and AAV4:BDNF/noggin (10191±734)-treated rats, relative to their controls (AAV4:EGFP: 3195±1070; saline: 2877±199; Po0.001 by 2-way ANOVA with Bonferroni post hoc comparisons). Of note, the BrdU indices of rats given AAV4:noggin only, without AAV:BDNF, did not differ from those of control rats treated with AAV4:EGFP or saline (P40.05; Supplementary Table 3) .
Confocal analysis confirmed that 480% of newly generated BrdU + cells co-expressed the neuronal protein bIII-tubulin, and no difference in this proportion was noted as a function of treatment. Together, these data suggest that AAV4-mediated overexpression of BDNF potentiated neuronal addition to the adult OB in a sustained fashion (Supplementary Figure 3) . AAV4:BDNF/noggin increased OB neuronal turnover Given the substantial increment in the recruitment of new neurons to the OBs of AAV4:BDNF/noggin-treated rats, and the sustained nature of this addition, we next asked whether the total number of neurons per OB differed in the treated rats and their controls. Stereological counts of total OB neurons in AAV4:BDNF/noggin-or AAV4: EGFP-treated rats assessed histologically 4 months after AAV injection revealed no significant differences either in the OB volume (33.6 ± 1.5 mm 3 for AAV4:BDNF/noggin-treated rats vs 32.1 ± 0.8 mm 3 for AAV4:EGFP-treated), or in the number of resident OB neurons (15.70±0.28Â10 6 On that basis, we asked whether the enhanced addition of new neurons to the OB might be compensated by increased turnover, and reflected in the death of either new or resident olfactory interneurons. In this regard, the thousands of new neurons that are recruited into the normal OB on a daily basis are subject to massive cell death upon arrival; 36,37 their survival ultimately depends upon their functional integration. 38, 39 Indeed, rats subjected to an olfactory discrimination paradigm manifested enhanced turnover of newly generated neurons, despite unaltered subventricular zone (SVZ) proliferation and neuroblast migration. 39, 40 On that basis, we postulated that the existing mechanisms for delimiting OB neuronal number might similarly serve to regulate the addition of new neurons to the OBs of AAV4:BDNF/noggin-treated rats.
To test this possibility, the OBs of AAV4:BDNF/noggin or AAV4:EGFP-treated animals in group 2, those killed 4 months after AAV injection and treated for 1 month antemortem with BrdU, were labeled by terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling (TUNEL) to identify apoptotic cells ( Figure 3a ). The AAV4:BDNF/noggin-treated rats-which exhibited over threefold the density of BrdU-tagged newly generated neurons per mm 3 than did their controls-similarly manifested many more TUNEL + cells (96±16 cells mm À3 ) than did their matched AAV4:EGFP controls (55±4 mm À3 ; Po0.05 by t-test, t(6)¼2.892; Figure 3b ). Interestingly, the percentage of TUNEL + cells among the BrdU + cells was similar in both groups (28.1 ± 1.5% and 31.7 ± 3.3%, respectively; P40.05, t(6)¼1.141; Figure 3c ), suggesting that new OB neurons generated in the BDNF/noggin-overexpressing ventricular wall exhibited no preferential post-migratory survival relative to their control counterparts. Thus, the number and density of dying neurons were significantly higher in AAV4:BDNF/noggin-treated OBs than in their AAV4:EGFP controls, in apparent compensation for the increased numbers of newly generated neurons recruited to the OBs of AAV4:BDNF/noggin-treated animals.
AAV4:BDNF/noggin treatment induced and sustained neuronal addition to the striatum To address whether intraventricular injection of AAV4:BDNF/noggin resulted in recruitment of newly generated neurons to the neostriatal parenchyma, serial sagittal sections from treated rat brains were co-immunostained for BrdU and a variety of neuronal markers, which included doublecortin (DCX), 41 bIII-tubulin, 42 NeuN 43 and dopamine-and cyclic-AMP-regulated phosphoprotein of molecular weight 32 000 Da (DARPP-32). 44 Confocal imaging was used to confirm the colocalization of nuclear BrdU with each neuronal marker. We found that AAV4-delivered BDNF and noggin stimulated the striatal recruitment of new neurons expressing antigenic markers of both migrating neuroblasts and mature neurons, the latter including MSNs (Figure 4 ). Immunostaining revealed frequent DCX + / BrdU + neuronal migrants in the striata of AAV4:BDNF/noggininjected rats at both 2 and 4 months after viral injection (Figures 4c and g and Supplementary Figure 5 ). Stereological analysis revealed that AAV4:BDNF/noggin-treated striata harbored significantly more BrdU + /Dcx + cells than did their AAV4:EGFP-treated counterparts, when assessed 2 months after viral injection (161 ± 32 and 29 ± 8 BrdU + /Dcx + cells per mm 3 , respectively; Bonferroni post hoc Po0.001; Figure 5a ). At 4 months after AAV4:BDNF/noggin injection, BrdU + / Dcx + cells were still abundant, as much as when scored at 2 months (2-way ANOVA with post hoc Bonferroni t-tests, F(1,12)¼0.58, P40.05; Figure 5a and Supplementary Table 4) .
To address whether AAV4:BDNF/noggin-induced striatal neuroblasts matured in the striatal parenchyma, serial sagittal sections from treated rat brains were next co-immunostained for BrdU and the neuronal marker bIII-tubulin. Confocal imaging analysis confirmed the three-dimensional colocalization of both markers (Figures 4a and e) . Indeed, AAV4:BDNF/noggin-treated rats exhibited abundant newly generated neurons in the neostriatum (Figure 4b ). The AAV4:BDNF/ noggin-treated rats of group 1, which received BrdU injections throughout weeks 4-8, harbored 123 ± 18 BrdU + /bIII-tubulin + cells per mm 3 when killed 2 months after viral injection. Importantly, this induced neurogenesis was durably maintained at least 4 months, as the AAV4:BDNF/noggin-treated rats of group 2, killed at 16 weeks after receiving BrdU only during weeks 13-16, had 116±24 BrdU + /bIIItubulin + cells per mm 3 . In contrast, newly generated neurons were undetectable in the striata of animals treated with AAV4:EGFP. Statistical analysis confirmed a significant difference between the treatment and control groups in their numbers of newly added neurons per mm 3 (2-way ANOVA: F(1;12)¼82.5, Po0.0001 by Bonferroni post hoc t-tests, at each timepoint). Statistical testing Although the density of TUNEL + cells was higher in AAV4:BDNF/noggin-treated rats (b, the fraction of TUNEL + cells among all BrdU + neurons was no different in the BDNF/noggin-treated rats than in their controls (c), suggesting that while increased neuronal recruitment to the OB was compensated for by increased death, the latter was unaffected by treatment. Scale: 20 mm; cells per mm 3 ±s.e.m.
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A Benraiss et al confirmed that this effect was maintained over time, in that no difference was noted in the number of new striatal neurons added in month 2 compared with that added in month 4, that is, between the BDNF/noggin-treated rats of groups 1 and 2 (F(1;12)¼0.11, P40.05; also Supplementary Table 5 ).
To verify that newly generated AAV4:BDNF/noggin-induced neurons manifested phenotypic maturation, serial sagittal sections from treated rat brains were double-stained for BrdU and the mature neuronal marker NeuN. Whereas no BrdU-tagged NeuN + cells were detected in the striata of AAV4:EGFP-treated controls, BrdU + /NeuN + were observed in the striata of AAV4:BDNF/noggin-treated rats at both early and late timepoints (Figures 4b and f) . Stereological counts revealed that BrdU + /NeuN + cells were generated exclusively in AAV4:BDNF/noggin-treated rats, and were recruited in similar numbers 2 or 4 months after viral injection (44.8 ± 15.1 and 36.4 ± 10.9 BrdU + /NeuN + cells per mm 3 , respectively; Figure 5c ). Statistical analysis revealed that the number of newly recruited NeuN-defined neurons was maintained over time, as no significant difference was noted between the two timepoints (P40.05 by t-test, Supplementary  Table 6a ). Together, these data showed that AAV4:BDNF/noggin-induced striatal neurogenesis, and that this process was sustained without decrement for at least 4 months after AAV4:BDNF/noggin injection.
AAV4:BDNF/noggin-associated new striatal neurons are mature MSNs
We next sought to assess the phenotype of those new neurons added to the striata of AAV4:BDNF/noggin-treated rats. We found that a substantial cohort of BrdU + striatal neurons expressed the prototypic MSN protein DARPP-32, at both early and late timepoints, suggesting their maturation as MSNs (Figures 4d and h ). Stereological cell counts using unbiased sampling revealed no significant difference in the numbers or densities of BrdU + /DARPP-32 + neurons in AAV4:BDNF/noggin-treated rats at 2 vs 4 months after AAV injection (56±14 and 42.8±12.8 BrdU + /DARPP-32 + cells per mm 3 , respectively; P40.05; Figure 5d ). In contrast to the AAV4:BDNF/noggintreated rats, their AAV4:EGFP-treated controls had no identifiable BrdU + /DARPP-32 + striatal neurons, indicating the restriction of neostriatal neuronal addition to AAV4:BDNF/noggin-treated animals (Supplementary Table 7) .
To confirm the mature neuronal phenotype of the BrdU + /DARPP-32 + cells in the AAV4:BDNF/noggin-treated rats, we next used triple immunolabeling for DARPP-32, NeuN and BrdU to determine that the majority of newly generated DARPP-32 + /BrdU + cells indeed coexpressed neuronal NeuN. This analysis revealed no significant difference in the incidence of BrdU + /DARPP-32 + and BrdU + /DARPP-32 + / NeuN + cells: When assessed 4 months after AAV4:BDNF/noggin injection, 43±13 BrdU + /DARPP-32 + and 39±10 BrdU + /DARPP-32 + /NeuN + cells per mm 3 were noted. In addition, whereas the AAV4:BDNF/noggin-treated rats had 38.5 ± 9.6 BrdU + /NeuN + / DARPP-32 + neostriatal neurons per mm 3 , their AAV4:EGFP-treated controls had none (Po0.05). Together, these data showed that AAV4:BDNF/noggin induced and sustained the recruitment of neurons with a mature medium spiny phenotype to the adult neostriatum. 
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Substance P and enkephalin are expressed in newly recruited striatal neurons We next asked whether newly generated MSNs recruited in response to AAV4:BDNF and noggin adopted appropriate neurotransmitterdefined anatomic phenotypes. Striatal MSNs include several subpopulations of GABAergic striatopallidal projection neurons. These include sub-populations of MSNs that project to the globus pallidus pars interna and substantia nigra, or to the globus pallidus pars externa and subthalamus, which express the peptide transmitters Substance P and enkephalin, respectively. These MSN phenotypes comprise the major striatal components of the direct and indirect striatofugal pathways, respectively, both of which are required for striatal functional integrity. 45 As such, any therapeutic strategy predicated on striatal neuronal regeneration is dependent upon the ability to replace both Substance P-expressing and enkephalinergic MSNs. 46 We have previously noted that each of these phenotypes is added to the adult neostriatum in response to transient BDNF and noggin overexpression, in mice treated with adenoviral BDNF and noggin. To assess whether a more sustained delivery of BDNF and noggin afforded by AAV is similarly associated with the striatal incorporation of both Substance P and enkephalin-expressing MSNs, we assessed the incidence of these phenotypes among newly generated neurons.
To this end, serial sections from AAV4:BDNF/noggin-or AAV4-EGFP-treated rats, killed 4 months after viral injection, were co-immunostained for either Substance P or met-enkephalin together with BrdU. Both BrdU + /Substance P + and BrdU + /enkephalin + cells were identified in the striata of AAV4:BDNF/noggin-injected rats (Figures 6a and c) . Stereological counts revealed that the AAV4:BDNF/noggin-treated striata harbored 27.9 ± 3.6 immunoidentifiable Substance P + /BrdU + cells per mm 3 and 21.1 ± 4.0 Substance P + /NeuN + /BrdU + cells per mm 3 (Figure 6b) . Similarly, the AAV4:BDNF/noggin-treated striata exhibited 21.9 ± 3.8 enkephalin + / BrdU + and 18.8 ± 3.7 enkephalin + /NeuN + /BrdU + cells per mm 3 (Figure 6d ). Matched AAV4:EGFP controls had no identifiable BrdU + cells whatsoever that expressed either Substance P or enkephalin, highlighting the significant treatment-associated difference in new neuronal number for each phenotype (Po0.01 for each, by Bonneferroni-adjusted t-test). Thus, roughly equivalent proportions of Substance P and enkephalin-defined MSNs of the direct and indirect striatopallidal pathways, respectively, were recruited in response to sustained BDNF and noggin delivery.
AAV4:BDNF/noggin-associated new striatal neurons project to the globus pallidus
The neostriatum, which includes the caudate and putamen, displays a complex mosaic organization of neurochemical systems that are related to its neuroanatomical connections. MSNs, the dominant neostriatal neuronal population, normally project to the globus pallidus. In order to test whether newly generated neostriatal neurons extend projections to their natural target, the globus pallidus, AAV4:BDNF/noggin-treated rats and controls were subjected to a second surgery, in which they received intra-pallidal injection of a retrograde tracer, fluorescent microspheres (FMSs; see Figures 7a Figure 5 AAV4:BDNF/noggin induced MSN addition to the adult striatum. Striatal sections of AAV4:BDNF/noggin-treated rats at early (a-d) and late timepoints (e-f) after AAV injection (2 and 4 months, respectively). Each was double-immunostained for BrdU (green) and neuronal markers (red). Some BrdU + cells expressed the migratory neuroblast protein DCX (a, e), while others co-expressed BrdU and bIII-tubulin/TuJ1 (b, f), NeuN (c, g) or DARPP-32, a medium spiny neuron specific marker (d, h). Newly generated neurons were confirmed as such by confocal z axis analysis, with orthogonal views in the xz and yz planes (insets). Scale: 10 mm.
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A Benraiss et al and b for experimental design). Following retrograde axonal transport, FMSs are incorporated into cell bodies located within the neostriatum, allowing striatopallidal projection neurons to be identified. 47 By this means, we identified newly generated striatopallidal neurons in coronal slices, by virtue of their co-incorporation of BrdU and FMSs (Figure 7c ). We found an abundance of BrdU + /FMS + neurons in the AAV4:BDNF/noggin-treated rats, but not in their controls, indicating the successful extension of axons from newly generated MSNs to their pallidal targets. Importantly, we confirmed that the incorporation of the FMSs occurred only by retrograde transport and not by passive diffusion of the tracer; in this regard, no incorporation of pallidal-injected FMSs whatsoever was noted by intrinsic striatal interneurons (Figure 7e ). Using stereological cell counts with unbiased sampling, we noted 38.2±11.7 BrdU + /FMS + neurons per mm 3 in AAV4:BDNF/noggin-treated rats when assessed 4 months after AAV injection, the sole timepoint sampled; this contrasted to the complete absence (0±0 BrdU + /FMS + cells per mm 3 ) of new neurons, FMStagged or otherwise, in the AAV4:EGFP-treated control striata (Po0.05 by t-test; Figure 7d ). These observations confirmed that newly recruited neurons, generated in the adult brain in response to AAV4:BDNF/noggin treatment, can project axons to their normal developmental target, the globus pallidus.
DISCUSSION
We have previously shown that intraventricular delivery of adenoviral BDNF is sufficient to both enhance neuronal recruitment to the OB, and to induce heterotopic recruitment of MSNs to the striatum. Striatal neuronal addition was further improved when noggin, a potent BMP inhibitor, was concomitantly delivered into the ventricle. This strategy proved effective to slow the disease progression in R6/2, a well-characterized HD mouse model. However, the potential of this strategy was limited by the transient nature of gene expression by the adenoviral vector used. In addition, adenoviruses are immunogenic and cannot be repeatedly injected. 48 To address these limitations of adenoviral delivery, we have developed an alternative strategy for ensuring sustained delivery of BDNF and noggin to the adult ventricular wall, using AAV. In particular, we used AAV serotype 4 because of its tropism for ependymal cells and high, yet restricted, Long-term maintenance of induced striatal neurogenesis A Benraiss et al infectivity to the ventricular wall. 35 As such, AAV4 permits the subrogation of the ependyma as a secretory source for recombinant proteins, which may then diffuse both locally to the subependymal cell population, as well as distantly through CSF dispersal to access remote parts of the central nervous system 49 (Supplementary Figure 1) . On that basis, we constructed two AAV4 vectors separately expressing BDNF and noggin, and administered these together into the lateral ventricles of adult rats, so as to assess the efficacy of AAV4 in ensuring the sustained expression and CSF secretion of delivered transgenes. We found that AAV4 indeed effected ependymal transduction in vivo, and yielded sustained overexpression of BDNF and noggin throughout a 4-month period of observation. AAV4-mediated gene expression was sufficiently high enough to support the recruitment of new neurons to both the OB and striata of adult rats, and to an extent similar to that which we previously reported using adenoviral BDNF and noggin delivery. 21, 26 Importantly though, AAV4's effects were maintained with stable transgene expression for at least 4 months. Remarkably, this was accompanied by sustained neuronal addition to both the olfactory bulb and striatum, which was continuous and undiminished over a 4-month period of observation. Thus, the tonic exposure of the subependymal progenitor pool to BDNF and noggin, and in particular the tonic inhibition of local BMP activity by noggin, did not exhaust or otherwise deplete the progenitor pool within the SVZ. Of note, the number of BrdU + -labeled neurons in the OBs of AAV4:BDNF and AAV4:BDNF/noggin-treated rats did not significantly differ, suggesting that neuronal addition to the OB was maximally potentiated by AAV4:BDNF alone. The lack of any noggin-associated increment in OB neuronal addition was in marked contrast to noggin's robust potentiation of BDNF-associated neuronal Immunostaining for choline acetyltransferase (ChAT, white arrowheads) revealed that intrinsic cholinergic neurons of the striatum (green) did not incorporate GP-delivered microspheres (red), which were instead taken up by, and transported to, local MSNs. *Po0.05 by t-test. Scale: 10 mm.
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A Benraiss et al addition to the neostriatum. Yet this apparent lack of effect of exogenous noggin upon OB neuronal addition may have reflected the high levels of endogenous noggin already present in the OB. 21 In contrast to previous studies using either protein infusion 5 or adenoviral delivery, 19 in the present study we used a vector capable of long-term transgene expression to achieve the sustained production of BDNF and noggin. The levels of transgene achieved proved sufficient to trigger and sustain neuronal recruitment from the striatal SVZ progenitor cell population. These AAV4:BDNF/noggin-treated animals showed abundant BrdU + /DCX + cells in the SVZ, subjacent neostriatum, rostral migratory stream and OB at both 2 and 4 months after the viral injection, with no diminution in the number of neurons incorporating BrdU between the second and fourth months after AAV4 injection (Supplementary Figure 3) . Indeed, given the ongoing neuronal addition afforded by AAV4:BDNF and noggin, we asked whether the new neurons would result in the monotonic expansion of the extant olfactory neuronal pool, or whether instead homeostatic regulatory control of the OB neuronal population might supervene to delimit OB neuronal number. The latter proved to be the case, in that the increased neuronal addition to the OBs of AAV4:BDNF/noggintreated rats was fully offset by increased cell death. Apoptotic TUNEL + cells were significantly more abundant in AAV4:BDNF/noggin-treated OBs than in their AAV4:EGFP controls, even while the percentage of TUNEL + cells among BrdU + cells remained the same between the treated and control rats.
In this regard, it is important to note that intraventricularly delivered AAV4 did not transduce SVZ neural progenitor cells or their lineal descendants, but rather the overlying ependymal wall; thus, once generated, the newly migratory neurons could no longer depend upon periventricular BDNF overexpression for their survival. As such, the increased rate of neuronal death in the AAV4:BDNF/noggintreated OBs-in apparent compensation for the increased OB neuronal addition exhibited by these treated rats-likely reflected competitive constraints upon the number of functional neurons that could be accommodated within the adult OB. Accordingly, the total neuronal counts as well as the volume of the OBs were similar in the AAV4:BDNF/noggin-treated and control rats (Supplementary Figure 4) .
Of note, several groups have failed to observe increased olfactory neuronal addition in response to either parenchymally or SVZdelivered BDNF, despite increased rostral migratory stream neuronal recruitment. [50] [51] [52] Yet, whereas we used intraventricular delivery of ependymal-restricted expression vectors, other groups have used either protein delivery or viral vectors introduced directly into the SVZ parenchyma. One might envisage that differences in delivery mode, and hence of BDNF access, availability, processed form and effective dose, might all influence both the initial specification and ultimate competitive success of newly generated neurons, in ways that we have yet to define. Together though, these observations suggest an ongoing, dynamic competition among newly generated neurons within the adult OB, whether generated by virtue of exogenous treatment or not, as well as between these new cells and already extant neuronal pools.
From the standpoint of therapeutic design, BDNF and noggin concentrations achieved by AAV4 ependymal delivery proved sufficiently high to trigger and maintain the recruitment of new NeuN + / bIII-tubulin + neurons into the subjacent neostriatum, a large proportion of which developed as DARPP-32 + MSNs and expressed either enkephalin or Substance P. AAV4:BDNF/noggin infection maintained ependymal expression of BDNF and noggin for at least 4 months after viral delivery, and this in turn was associated with sustained increments in neuronal addition throughout. Indeed, neuronal addition to the striatum was undiminished between the 2 and 4-month timepoints assessed, this suggested a lack of progenitor cell exhaustion in the SVZ over the time frame examined. Thus, AAV4:BDNF/noggin treatment elicited a continuous and stable release of BDNF and noggin by the ventricular system, which was associated with sustained neuronal addition to the adult neostriatum, without measurable evidence of progenitor depletion. Such sustained progenitor responsiveness is a critical prerequisite for using induced neuronal replacement as a treatment strategy for HD, as the slow neuronal loss of HD mandates compensation by a similarly sustained process of functional neuronal addition. Moreover, the robust and sustained response to BDNF and noggin that we noted might be further amplified in the HD environment, in which compensatory expansion of the subependymal progenitor pool may occur. 53, 54 Our present data suggests both the biological and technical feasibility of an AAV4-based strategy for sustaining robust neuronal addition to the adult mammalian neostriatum, using the ependymal overexpression of BDNF and noggin as a means of initiating and maintaining neuronal recruitment from endogenous subependymal progenitor cells. Remarkably, this process appears to be sufficiently sustainable, with no evidence of progenitor depletion or tachyphylaxis, to suggest its potential utility in the management and treatment of striatal neurodegenerations such as in HD.
MATERIALS AND METHODS
AAV construction and production
PCR-generated endonuclease sites were used to amplify full-length cDNA of the rat BDNF and human noggin DB2 (hereafter referred to as noggin; Regeneron Pharmaceuticals, Tarrytown, NY, USA). The DB2 mutein of noggin, 55 with its heparin binding site deleted, was used so as to improve the tissue penetration of the expressed protein. 21 PCR product was subcloned into pENTER/D-Topo (Invitrogen, Carlsbad, CA, USA). BDNF or noggin coding sequences were cloned into pIRES2-EGFP (Clontech, Mountain View, CA, USA) in order to generate the expression cassettes CMV:BDNF:IRES:EGFP and CMV:noggin:IR-ES:EGFP, respectively. These expression cassettes were then subcloned into the AAV2 shuttle vector pFBGR. All the final plasmids were sequenced for the integrity of the transgenes using primers spanning the full length of the expression cassette. AAV2-CMV:BDNF:IRES:EGFP and AAV2-CMV:noggin: IRES:EGFP were used to generate the AAV particles in collaboration with The Gene Transfer Vector Core at the University of Iowa. The Baculovirus System was used to cross-package the AAV4 capsid, and allowed production of high-titer helper-free AAV particles. 56 The resulting viruses, AAV2/ 4:CMV:BDNF:IRES:EGFP, AAV2/4:CMV:noggin:IRES:EGFP or AAV2/4:CMV: EGFP (hereafter referred to as AAV4:BDNF, AAV4:noggin and AAV4:EGFP, respectively), were made and their titers were determined by quantitative PCR, then adjusted to 2Â10 13 viral genomes ml À1 .
Viral injections
In all, 12-week-old Sprague Dawley rats (250-280 g) received bilateral 3 ml intraventricular injections of AAV4:BDNF alone or together with AAV4:noggin, AAV4:noggin alone, AAV4:EGFP, or saline (n¼8 for each group). Stereotaxic injections were injected into the ventricle according to the rat brain atlas (anteroposterior, À0.3 mm; mediolateral, ±1.2 mm; dorsoventral, À3.6 mm). One month following viral injection, 4 animals from each group received BrdU for 4 weeks and were killed 1 day after the last BrdU injection (2 months after the viral injection; early timepoint group). The other animals (n¼4 per group) received BrdU starting the fourth month and were also killed 1 day after the last injection (4 months after the viral injection; late timepoint group).
All procedures were performed using protocols approved by the University of Rochester University Committee on Animal Resources, and in compliance with the guidelines published in the NIH Guide for the Care and Use of Laboratory Animals.
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Enzyme-linked immunosorbent assay
Quantification of noggin levels in the CSF was performed by sandwich enzymelinked immunosorbent assay as previously described. 21 BDNF levels in the CSF were also determined using BDNF Emax ImmunoAssay System (Promega, Madison, WI, USA) according to the manufacturer's protocol.
Immunochemistry and quantification
All brains were cut as 14 mm sagittal sections that included the OB, these were stained for BrdU using immunoperoxidase detection when staining for BrdU alone, or using double-immunofluorescence when staining for both BrdU and neuronal markers, as described previously. 19, 21 Briefly, every 16th section was stained for one of the following: bIII-tubulin (mouse monoclonal TuJ1; Chemicon, Temecula, CA, USA, 1:100), NeuN (mouse anti-NeuN; 1:400; Chemicon), DARPP-32 (rabbit 1:500; Chemicon), DCX (goat anti-DCX; 1:100; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), Substance P (rabbit antisera, 1:100; Chemicon), met-enkephalin (rabbit 1:100; Chemicon), green fluorescent protein (rabbit 1:200; Chemicon). Sections co-labeled for BrdU were then washed, treated briefly with 2N HCl at 37 1C and exposed to rat anti-BrdU IgG2AmAb (1:200; Serotec, Raleigh, NC, USA). All secondary antibodies (Invitrogen) were cross-absorbed to avoid nonspecific staining. All immunolabels were compared with appropriate negative controls (omission of primary antibodies, and substitution with equally diluted normal serum or mouse IgG, as appropriate).
Both olfactory and striatal BrdU + cells counts were done on 8-10 sagittal sections (14 mm) per animal; every 16th section was analyzed at 224 mm intervals, as described previously. 19 The striatal region sampled began with the first appearance of striatal fascicles and proceeded laterally. In the OB, every BrdU + nucleus was counted; the results were reported as the mean number of BrdU + cells per section and then converted into BrdU + cells per cubic millimeter after determining the surface areas and hence volumes. Section volumes were measured using Stereo Investigator (MicroBrightField, Inc., Williston, VT, USA). The number of striatal BrdU + /bIII-tubulin + cells per mm 3 was determined as described previously. 19, 21 Statistical analyses were performed using one-way or two-way ANOVA, followed by post hoc Bonferroni t-tests. For two-way ANOVA, F tests were carried out to analyze the global effects of treatment and timepoint. Otherwise, pairwise comparisons were performed using two-sample Student's t-tests, as noted. All statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA).
Confocal imaging
In sections double-stained for BrdU and bIII-tubulin, Dcx, NeuN, or DARPP 32 striatal BrdU + cells were imaged using a Fluoview confocal microscope (Olympus, Lake Success, NY, USA), images were acquired using an argon-krypton laser and analyzed as described. 19, 21 Retrograde tracing of MSNs A separate cohort of rats were given either intraventricular AAV4:BDNF/noggin or AAV4:null, followed by 30 daily injections of BrdU, and were then injected 3 months later, in week 18, with 1 ml of FMSs (0.04 mm red fluorospheres, in suspension; Invitrogen). The FMS retrograde tracer was injected bilaterally into the globus pallidus (anteroposterior, À2.4 mm; medio-lateral, ±4 mm; dorsoventral, À6.8 mm), according to Paxinos. The injected animals were killed 2 weeks later, 20 weeks after viral injection, and perfused with 4% paraformaldehyde; their brains were sectioned and processed for BrdU immunolabeling, followed by confocal identification of BrdU + /FMS + -tagged striatal neurons.
Assessment of cell death
TUNEL was used to detect apoptotic cells among the newly recruited OB neurons, using digoxigenin-coupled dUTP and an anti-digoxigenin fluoresceinconjugated antibody. Eight sagittal cryo-sections (14 mm) per animal, representing every 16th section, were stained with an ApopTag Plus Fluorescein In Situ Apoptosis Detection Kit (S7111, Chemicon), following the manufacturer's protocol. Sections were further stained with BrdU as described above.
